We report on laser surface structuring of silicon using Ti:Sa femtosecond laser ablation with optical vortex beams. A q-plate is used to generate an optical vortex beam with femtosecond pulse duration through spin-to-orbital conversion of the angular momentum of light. The variation of the produced surface structures is investigated as a function of the number of pulses, N, at laser fluence slightly above the ablation threshold value. At low N (%10), only surface corrugation of the irradiated, ring-shaped area is observed. This is followed by a progressive formation of regular ripples at larger N (%100-500), which eventually transform in smaller columnar structures for N % 1000. Moreover, the central, non-ablated part is gradually decorated by nanoparticles produced during laser ablation, a process which eventually leads to the formation of a central turret of assembled nanoparticles. Our experimental findings suggest the importance of a feedback mechanism and a cumulative effect on the formation of ripples with interesting patterns not achievable by the more standard beams with a Gaussian intensity profile. V C 2014 AIP Publishing LLC.
There is particular interest in creating patterns or structures on surfaces at the micro-and nano-scale, with potential applications in material processing, optical absorption tuning and control, THz optics development, tailoring of superficial properties, and so forth. [1] [2] [3] [4] Many of such patterns are obtained using direct laser structuring through femtosecond (fs) laser ablation, with a Gaussian-like intensity of the beam spatial profile.
Recently, laser beams with non-Gaussian intensity profile are emerging as interesting candidates for strategic tailoring in material processing. [5] [6] [7] [8] Significant benefits can be achieved by designing a beam shape for specific material and irradiation conditions. Examples can be found in the use of fs laser vortex beams for the formation of sub-wavelength ring structures on glass or silicon surfaces, 5, 6 and the fabrication of graphene micro-and nano-disks. 7 Moreover, the generation of surface ripples has been recently used to analyze the focal intensity distribution and/or polarization structure of optical vortex beams by irradiation of polished target surfaces (silicon and steel), with a fixed number of laser pulses (N ¼ 100). 8, 9 Several mechanisms have been considered for ripples formation by fs laser pulse irradiation with Gaussian beams. These include excitation of surface plasmon polaritons (SPPs), self-organization of surface instabilities, second-harmonic generation, etc. (see Refs. 2 and 3, and references therein quoted). However, no general consensus has been reached until now. 2, 3 In this Letter, we report on fs laser surface structuring of silicon using optical vortex beams generated by a q-plate. A q-plate allows generating an optical vortex beam through spin-to-orbital conversion of the angular momentum of light. 10, 11 We specifically focus on the role of the number of laser pulses, N, in the surface structure formation. A (100) silicon surface was irradiated with a fs optical vortex beam, at an average fluence value intermediate between the single-(%1 J/cm 2 ) and multi-pulse (%0.4 J/cm 2 ) peak fluence thresholds for ablation induced by a Gaussian beam. [12] [13] [14] [15] Fig. 1(a) reports a schematic of the experimental setup. A regeneratively amplified Ti:Sa laser system (Coherent Legend) delivering linearly polarized %35 fs pulses at 800 nm central wavelength was used for irradiation of single-crystalline (100) silicon target, in air. The beam spatial shaping is provided by a q-plate with a topological charge q ¼ þ1/2, 16 producing an optical vortex beam carrying an orbital angular momentum (OAM) l ¼ 61, whose spatial intensity distribution, as acquired by a beam profiler, is shown in Fig. 1(b) . The central part of this beam was selected by spatial filtering with an iris, resulting in the annular beam shape shown in Fig. 1(c) . The q-plate axis was aligned perpendicular to the input beam polarization, thus producing an azimuthal distribution of the optical vortex beam polarization, 17 as schematically shown in Fig. 1(d) . The target, mounted on a translation stage, was located perpendicular to the laser beam direction and close to the focal plane of a lens of 75 mm focal length. An electromechanical shutter provided the selection of the desired number of pulses, N, applied to the same spot on the target. The irradiated surface regions were inspected using an optical microscope and a Zeiss RIGMA field emission scanning electron microscope (FESEM) with a nominal resolution of 1.3 nm at 20 kV. Fig. 2 shows optical (a) and SEM (b) micrographs of the silicon surface area after irradiation with N ¼ 10 laser pulses, at a laser energy E L % 85 lJ. The optical micrograph shows the formation of a shallow, annular crater reflecting the beam shape (see Fig. 1(c) ). The inner part is almost unaffected by the ablation process, due to the central singular region of the beam with zero intensity, and has a radius R in % 7 lm. The external radius of the ablated area is R ex % 57 lm. A circularly shaped region of debris extending to roughly %2 Â R ex can be also observed in Fig. 2(a) . This is due to the nanoparticles (NPs) produced during the ablation process that are backward deposited on the target. 18, 19 The SEM image in Fig. 2(b) shows the same structure, evidencing the formation of an annular region where a rough surface morphology is generated by the laser irradiation. From the measured radii, a spot area 
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We carried out a detailed analysis of surface morphology dependence on pulse number, with 5 N 1000. This allows evidencing the crucial role of this parameter (N) on the evolution of the surface structures, as will be illustrated hereafter. For the sake of discussion, we divide the investigated range of N in three different regimes: low (5 N 50), intermediate (50 < N < 500), and high (500 N 1000) number of pulses. Characteristic SEM images in these three regimes are reported in Figs. [3] [4] [5] . At N ¼ 5 (Fig. 3, upper panels) , we can identify three regions. The central, almost unaffected area with a radius r % R in , decorated with NPs. An external area, for r > 20 lm, presenting a number of random structures, at the micro-and nano-scale, composed by pores, cavities, rims, and protrusions, and decorated with NPs whose characteristic size is similar to that observed in the central region. An intermediate, annular area, with a thickness of %10 lm, showing circular ripples with a period close to the laser wavelength, resembling low spatial frequency laser-induced periodic surface structures (LIPSSs) typically observed with Gaussian beams at low number of pulses. 20, 21 Increasing N (see to possible diffraction effects induced by optical elements. 20 At N ¼ 20, a turret with a diameter of %10 lm starts forming in the center of the spot as a consequence the progressive ablation of the irradiated area. Moreover, the formation of rudiments of radial ripple structures can be recognized in some regions (see arrows in Fig. 3, bottom panels) , meanwhile the outer area still presents randomly distributed structures.
As the number of pulses increases, the generation of warm-like ripples with a radial spatial distribution is enhanced, as demonstrated in Fig. 4 . In particular, the characteristic length of the ripples increases with N, passing from few lm at N ¼ 50 to several tens of lm at N ¼ 200. This suggests that as N increases, the short warm-like ripples progressively connect together and eventually form the longer ones. The typical spacing between neighbor ripples is within a range of (0.8 6 0.1) lm and their spatial distribution is orthogonal to the local laser polarization, as typically observed for low spatial frequency LIPSS. Moreover, the ripples are decorated by nanostructures and NPs, forming a complex hierarchical arrangement. Interestingly, the central turret becomes densely covered with an assembly of NPs, as shown in the magnified micrograph reported in the bottomright panel of Fig. 4 . This observation agrees with recent reports, 8, 9 in which a more complex 4-f system arrangement and spatial light modulators were exploited to generate the vortex beam and induce 2-dimensional ripples microstructures on Si and steel at a fixed number of pulses (N ¼ 100), then proposing it as a direct verification of the beam polarization distribution. Going from the crater periphery towards the center, one can observe a shallow rim at the crater edge mainly formed by a dense carpet of NPs. This is followed by sharp wall and, then, by an annular region at the bottom of the crater that has developed into a more complex morphology. In particular, the long ripples start decomposing into smaller microstructures, as clearly visible in the top-right corner of the crater at N ¼ 500. These microstructures cover the whole crater base for N ¼ 1000 (see Fig. 5(f) ). Finally, an upward directed micro-needle is present at the very center of the crater, whose top is fully decorated by a cauliflower-like structure of assembled NPs. Fig. 5 (c) reports a SEM micrograph registered by using an In-Lens (IL) detector. It is located inside the electron column of the microscope and arranged rotationally symmetric around the optical axis. Due to a magnetic field at the pole piece, the secondary electrons are collected with high efficiency. In particular, at low voltages and small working distances, images with high contrast can be obtained. The image of the IL detector contains more surface information than would be possible to get with the standard Everhardt-Thornley detector. The left-zoomed portion (Fig. 5(d) ) of the IL micrograph well illustrates the ripples structure at high number of pulses. One can observe that: (i) neighbor ripples are separate by deep voids, with sub-micron bridges connection; (ii) the lateral outlines of the ripples are rather jagged; (iii) several NPs are distributed on the ripples surface; and (iv) some bifurcations in the ripple structures are present. The right-zoomed portion (Fig. 5(e) ) of the IL micrograph shows columnar microstructures with typical sizes of 2-3 lm, characterized by a finer nano-structural texture. These columnar structures also present connections. Moreover, in both cases, the microstructures seem composed by different layers at diverse depths, suggesting that the observed morphology is the result of a progressive, cumulative effect related to the interaction of the incoming laser radiation with the structure formed by the previous (N-1) pulses.
Various mechanisms have been considered to explain the formation of the low frequency ripples on silicon irradiated with Gaussian beam of fs duration, [1] [2] [3] [4] but no general consensus has been reached. 2, 3 In many cases, SPP is considered to explain ripple formation in silicon, as its metallic behavior at high-temperature allows excitation of plasmon waves. 13, 14, [20] [21] [22] Localized surface plasmon waves can also be excited by defects (e.g., NPs), surface roughness and near-wavelength structures already present on the target. Moreover, the possible influence of self-organization from instabilities induced by the ablation process, 23 hydrodynamic effects, 24 and surface roughness interpulse feedback phenomena 25 have been also pointed out recently. The most part of these studies regards the ripples formed with a low number of pulses (N 10), and a Gaussian spatial intensity profile. However, the Gaussian profile gives rise to ripples in different regions of the spot at different pulse numbers, which makes more difficult a clear identification of their evolution with N.
Our findings on ripples formation by vortex beam indicate an important role of the number of pulses. Rudiments of periodic surface structure start forming after few tens of pulses, then clear low frequency ripples, with preferential direction orthogonal to polarization, are generated for N % 100. Thus, in the intermediate regime, roughness produced by the first set of pulses, at low N, couples with the successive laser pulses leading to a gradual development of ripples with enhanced contrast. In this regime, the rise of N progressively increases the depth of the track separating neighbor ripples, but does not modify the overall structure morphology. The ripple structure forms over the annular irradiated region. The further increase of N to a value of several hundred leads to the gradual transformation of the periodic structure into an assembly of columnar structures. These findings indicate the presence of both a feedback mechanism and a cumulative effect in the generation of ripples by vortex beam ablation. The surface structure formed by (N-1) pulses influences the distribution of the absorbed energy at the N-th pulse (feedback mechanism). The generation of a more defined structure as N increases, progressively reinforce the development of that morphology (cumulative effect), within a certain interval of N values. This scenario agrees with recent results of a pump-probe imaging experiment, with high spatial and temporal resolution, on irradiation of silicon with fs pulses, at an average fluence of F av % 0.6 J/cm 2 and a Gaussian intensity profile (the corresponding peak fluence is
. 20 Such an analysis, carried out in the central region of the spot, evidenced that rudiments of periodic structure emerge within tens of fs, and the ripple locations keep unmoved during the successive evolution which completes within %1.5 ns. At increasing number of shots, deeper ripple structures are formed, suggesting a dominant role of the periodic laser energy deposition driven by the structure already formed on the sample surface as a consequence of the previous pulses. Nevertheless, at such a high peak fluence level, larger than single-pulse ablation threshold, the ripples disappear for N > 5. In our case, when using a lower fluence, the evolution of the ripples formation occurs over a much larger number of pulses. In fact, preliminary results of experiments carried out in the intermediate regime, at a fixed number of pulse, indicate that a transition from regular ripple structure to columnar morphology occurs as the fluence increases, thus evidencing a combined influence of both fluence and pulse number on ripples formation and evolution. Thus, the use of larger fluences is likely to accelerate the transition between the different morphologies with increase of N.
In conclusion, optical vortex beams generated by a q-plate were usefully exploited to fabricate different, surface micro-and nano-structures on silicon. The investigation aimed to identify the pulse number dependence of these surface structures. The morphological characteristics of the surface structures change with the pulse number, N, evidencing a clear cumulative effect. As N increases, the structures pass from a rough surface to rudiments of ripples and, then, to ordered ripples, prevalently oriented in a direction orthogonal to the laser polarization, eventually transforming into columnar structures for N % 1000. Interestingly, the center of the laser spot, corresponding to the central singular region of the vortex beam with nearly zero intensity, develops into a micro-needle with a cauliflower-like NPs assembled structure on the top. Although a silicon target and an azimuthally polarized vortex beam are used here, our results show that fs vortex beams generated by a q-plate can be exploited to fabricate interesting morphologies at micro-and nano-scales. This suggests the possibility of using an appropriate selection of beam polarization states and q-plate charges to obtain different kinds of surface micro-and nano-structuring.
